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I.  RESEARCH  OBJECTIVES 


A.  Task  1.  Influence  of  Metallurgical  Structure  Upon  Crack  Tip 

Micromechanics 

1.  Define  experimentally  the  physical  basis  and  extent  of  crack 
advance  in  alloys  of  varying,  well-characterized  microstruc¬ 
ture. 

2.  Determine  and  measure  experimentally  the  microstructural 
and  micromechanical  elements  which  control  subcritical 
crack  advance. 

3.  Incorporate  microstructural  and  crack  tip  micromechanical 
parameters  into  a  fundamental  crack  growth  model. 


B.  Task  2.  Fracture  Mechanisms  in  Single  Crystal  Nickel-Base 

Superalloys 

1.  Determine  the  influence  of  crystallographic  orientation 
on  subcritical  crack  growth  and  unstable  fracture. 

2.  Identify  the  relative  importance  of  shear  and  normal 
stresses  on  slip  band  cracking. 

3.  Define  the  role  of  slip  character  on  subcritical  crack 
growth  and  unstable  fracture. 

4.  Develop  a  model  for  prediction  of  fracture  behavior. 
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II.  STATUS  OF  THE  RESEARCH  EFFORT 


A.  Task  1.  Influence  of  Metallurgical  Structure  Upon  Crack  Tip 
Micromechanics  "  '  " 


1.  Scope 

In  years  past,  work  in  the  aluminum  phase  of  this  contract  has 
focussed  on  measuring  crack  tip  parameters  associated  with  the  growth  of 
fatigue  cracks.  Crack  tip  opening  displacement  and  mode  of  crack  opening, 
crack  tip  strain  and  the  distribution  of  strain  ahead  of  the  crack,  plastic 
zone  size,  and  striation  spacing  are  all  parameters  which  have  been  mea¬ 
sured  for  a  variety  of  aluminum  alloys.  Last  year,  a  model  was  formulated 
which  had  as  its  purpose  the  consolidation  of  all  of  these  factors  into  a 
coherent  description  of  the  crack  growth  process  [1]. 

The  geometric  crack  growth  model  [1]  brings  together  measured 
crack  :ip  opening  displacements,  strain,  and  striation  spacing  and  observa¬ 
tions  as  to  how  cracks  actually  grow,  when  observed  under  high  resolution 
conditions.  The  response  of  the  material  to  the  applied  load  is  assumed  to 
be  the  generation  of  dislocations  at  the  crack  tip,  with  their  subsequent 
motion  along  slip  lines.  The  net  displacement  along  these  slip  lines  gen¬ 
erates  the  observed  crack  opening  displacement  and  strain. 

Microstructural  characteristics  of  the  material  are  brought  into 
this  model  through  the  factor  which  limits  the  length  of  the  slip  lines,  and, 
more  generally,  through  the  cyclic  flow  stress.  This  blocked  slip  line  con¬ 
cept  requires  a  microstructural  factor  capable  of  blocking  slip;  therefore, 
it  is  applicable  to  only  materials  having  complex  microstructures,  such  as 
the  high  strength  aluminum  and  titanium  alloys. 

This  report  summarizes  several  studies  which  use  the  combination 
of  measured  crack  tip  parameters,  geometric  model  and  microstructure  to 
derive  additional  information  about  how  microstructure  relates  to  the  growth 
of  fatigue  cracks.  Complete  crack  tip  and  striation  measurements  were  made 
on  the  two  aluminum  alloys  7075-T651  and  MA-67  (now  7091);  these  results 
have  already  been  published  [2-5].  The  geometric  model  has  been  used  with 
these  materials  to  determine  the  mi  ^-'structural  feature  which  limits  slip 
line  length. 


Similar  crack  tip  measurements  were  also  made  for  Ti-6A1-4V, 
but  striation  spacings  were  not  measured.  In  contrast  to  the  aluminum 
alloys,  however,  the  microstructure  of  the  titanium  alloy  is  sufficiently 
well  understood  to  predict  the  likely  length  of  slip  lines.  Thus,  the 
model  has  been  used  with  this  microstructural  information  to  predict  stria 
tion  spacings,  which  could  be  matched  with  measurements,  which  were  sub¬ 
sequently  made. 
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By  way  of  these  modeling  efforts,  the  efficacy  of  the  geometric 
model  could  be  tested.  The  results  of  computing  the  striation  spacings  for 
Ti-6A1-4V  were  very  encouraging  because  the  predicted  values  were  very 
close  to  those  actually  measured.  Consequently,  it  is  believed  that  the 
microstructural  feature  implicated  by  the  model  in  controlling  slip  line 
length  in  the  aluminum  alloys  is  likely  to  be  correct. 

In  the  sections  which  follow,  modeling  work  is  summarized  on 
these  specific  systems: 

o  7075-T651  dry  and  wet  air 

o  MA-87  (7091)  vacuum  and  wet  air 

o  Ti-6A1-4V  vacuum  and  wet  air 

In  addition,  fatigue  crack  growth  was  observed  in  an  experimental  aluminum 
alloy,  HTAL,  at  ambient  temperature  and  at  315°C  in  our  high  temperature 
cyclic  loading  stage  for  the  SEM  [6]. 

Composition,  metallurgy  and  properties  of  each  of  these  alloys 
are  given  in  Table  I.  There  are  both  similarities  (yield  strength)  and  dif¬ 
ferences  (grain  size)  among  the  aluminum  alloys  studied.  Microstructures 
of  each  of  the  alloys  are  shown  in  Figure  1.  The  microstructural  feature 
showing  the  most  similarity  is  the  dispersoid  volume  fraction  and  size  be¬ 
tween  7075  and  7091.  These  factors  were  measured  for  both  the  alloys,  and 
the  results  are  given  in  Table  II. 

2.  Current  Status 


a.  Modeling  Fatigue  Striation  Spacing  for  Ti-6A1-4V 

Modeling  of  the  titanium  alloy  is  considered  first 
because  for  this  material  the  slip  distance  was  chosen  from  the  microstruc¬ 
ture  and  the  model  was  used  to  predict  the  resultant  striation  spacing. 
Striation  spacing  was  then  measured  using  both  SEM  and  replica-TEM  methods. 
Table  III  summarizes  the  results  obtained;  the  agreement  between  prediction 
and  measurement  is  considered  to  be  excellent.  Crack  growth  increment 
(striation  spacing)  is  predicted  to  increase  by  a  factor  of  10  between 
threshold  and  aK  =  15  MN/m3/2  for  growth  in  a  vacuum,  while  for  growth  in 
air,  the  increase  is  only  a  factor  of  3  for  the  same  range  of  AK. 

Besides  the  excellent  agreement  between  striation  spacings 
predicted  and  measured,  two  other  results  lend  confidence  to  the  modeling. 

The  model  predicts,  and  observation  confirms,  that  the  amount  of  Mode  II 
crack  opening  is  less  for  this  alloy  than  for  the  aluminum  alloys.  The  model 
also  predicts  that  CTOD  must  be  defined  further  away  from  the  crack  tip  for 
large  values  of  AK,  if  the  relation  between  crack  opening  displacement  and 
distance  from  the  tip  is  to  be  linear  on  a  log-log  plot,  which  is  the  condi¬ 
tion  found  experimentally. 
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Figure  1.  Microstructures  studied  showing  the  differences  between  7075  and 
7091  (a)  and  (b),  but  the  similarities  between  7075,  7091  and 
HTAL  (c,  d  and  e).  (f)  shows  the  titanium  alloy  microstructure. 
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Table  II.  Dispersoid  Characterization 


7075-T651 

7091-T7E69 

(MA-87) 

HTAL 

Size  range  of  dispersoids 
counted  (pm) 

0.02  to  0.08 

0.02  to  0.1 

0.06 

Foil  thickness  (pm) 

0.15  to  0.2 

0.12  to  0.2 

0.1 

Volume  fraction  of  dis¬ 
persoids  (f) 

0.008  to  0.011 

0.010  to  0.017 

0.04 

Mean  free  path  (MFP) 
pm 

3.7  to  5 

4.6  to  7.5 

1  to  2 

Table  III. 

Results  of  Model, 

Ti-6A1-4V 

Ti-6A1-4V  Measured  Striation  Spacings 

AK  =  8  ±  1  MN/m3/2 

Environment 

Predicted 
by  Model 
. M 

Measured 

-(jfflL 

Vacuum 

0.034 

0.1* 

Air 

0.131 

0.133  ±  .04 

Striations  nearly  impossible  to  find.  This  is  the  result  of 
only  one  measurement  and  could  be  in  considerable  error. 
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Crack  tip  geometries  computed  using  the  model  are  shown 
in  Figure  2.  Comparison  is  made  at  both  effective  AK  and  applied  AK.  These 
results  indicate  that  the  modeling  procedure  is  probably  a  reasonably  cor¬ 
rect  representation  of  a  fatigue  crack  tip,  and  that  it  is  possible  to  iden¬ 
tify  an  appropriate  parameter  in  the  microstructure  which  is  limiting  the 
length  of  slip  lines.  These  results  have  given  us  much  more  confidence  in 
the  crack  tip  parameter-model -microstructure  relation,  and  have  caused  us 
to  believe  that  the  results  for  aluminum  alloys  are  credible. 

b.  Modeling  to  Determine  the  Microstructural -SI  ip  Limiting 
Parameter  in  Aluminum  Alloys 


For  the  aluminum  alloys  7075  and  7091,  the  geometric  model 
was  used  to  determine  the  length  of  slip  lines  which  fit  the  correlation  of 
measured  CTOD,  strain  and  striation  spacing.  Results  are  given  in  Table  IV. 
These  values  should  be  compared  with  those  in  Table  II,  the  dispersoid 
spacing.  The  agreement  with  dispersoid  mean  free  path  is  certainly  much 
better  than  with  any  other  microstructural  parameter,  and  as  a  consequence 
of  this  good  correlation,  it  is  the  mean  free  path  between  dispersoids  which 
is  believed  to  be  limiting  the  slip  line  length  in  these  alloys.  Because  the 
dispersoid  characteristics  between  these  two  alloys  are  so  similar,  the  sim¬ 
ilarity  in  fatigue  crack  growth  characteristics  at  intermediate  AK  is  not 
surprising.  There  is  a  difference  in  crack  growth  rates  for  these  alloys  in 
the  near-threshold  region,  but  that  is  due  to  a  change  in  the  opening  mode 
mix  between  the  two  alloys;  the  microstructural  characteristic  responsible 
for  this  material  response  has  not  been  identified. 

The  crack  tip  geometries  predicted  using  the  model  are 
shown  in  Figures  3  and  4.  Comparison  is  made  at  the  same  effective  AK  for 
both  alloys  and  environments.  The  shift  from  mainly  Stage  I  at  low  AK  to 
mostly  Stage  II  should  be  noted,  as  should  the  much  larger  component  of 
Mode  II  crack  opening  for  the  7091.  The  larger  Mode  II  probably  is  indica¬ 
tive  of  a  shear  instability  in  the  7091,  which  promotes  larger  strains  at 
the  crack  tip,  which  in  turn,  allows  the  crack  to  grow  more  rapidly.  This 
is  especially  true  at  AK  values  near  threshold.  Direct  observation  has 
shown  that  crack  opening  in  Mode  II  can  occur  at  a  lower  load  than  crack 
opening  in  Mode  I  for  near- threshold  AK.  A  full  understanding  of  this 
phenomena  has  not  been  obtained  yet,  but  is  under  study. 

c.  Direct  Observation  of  Crack  Growth  in  an  Experimental 

High  Temperature  Aluminum  Alloy 

The  newly  completed  high  temperature  SEM  cyclic  loading 
stage  [6]  was  used  to  observe  crack  growth  in  an  experimental  Al-Fe-Ce  alloy 
of  the  composition  and  metallurgy  given  in  Table  I,  and  having  the  micro¬ 
structure  shown  in  Figure  1(e).  Fatigue  cracks  in  this  alloy  were  observed 
to  lengthen  in  much  the  same  way  as  in  7075  and  7091.  The  main  exception  to 
this  was  when  the  crack  path  came  close  to  a  "Zone  A"  particle.  These  par¬ 
ticles  are  regions  approximately  5  micrometers  in  diameter  thought  to  have 
solidified  much  more  rapidly  than  the  other  powder  particles  from  which  the 
alloy  was  made.  These  small  particles  are  much  harder  and  more  deformation 
resistant  than  the  matrix. 


L* 


AK=9  AK 


AK=3  AK 


AK-10  AK 


AK=10  AKaff=8, 


AK=12  AKeff^,3 


AK=12  AKeff=10.4 


10  u.m 


Figure  2.  Ti-6A1-4V(RA) .  Results  of  the  crack  tip  geometric  model 
relating  crack  tip  strain,  opening  displacement,  micro¬ 
structure  and  crack  growth  rate.  Comparisons  made  at 
constant  AK6ff3  (a)  and  ( b) *  and  at  constant  AK  (c-f). 
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Table  IV. 


Slip  Distances  Derived  Using 
the  Geometric  Crack  Tip  Model 


7075  7091 

.  rs  (pm)  . 


Vacuum 

7.2 

5.1 

Air 

5.0 

6.9 

All  values  ±  2  pm. 
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10  MICRONS 


Figure 


AKeff  =8.5  AK  «  12 


AK 


.  Crack  tip-slip  line  geometry  as  determined  using 
the  geometric  crack  tip  model.  Comparison  is 
^ade  at  equivalent  higher  values  of  AKeff. 


When  a  fatigue  crack  approaches  within  5  to  10  micrometers 
of  a  "Zone  A"  particle,  the  otherwise  nearly  smoothly  varying  strain  field 
around  the  crack  tip  is  perturbed,  and  the  crack  path  deviates  toward  the 
particle.  A  typical  sequence  of  events  is  shown  in  Figure  5,  which  shows 
successive  photographs  of  the  crack  tip  region  as  it  interacts  with  a  "Zone 
A"  particle.  The  microstructure  of  the  matrix/particle  interface  is  shown 
in  the  micrograph  in  the  lower  portion  of  the  photograhic  montage.  The  in¬ 
terface  region  seems  to  be  lacking  the  dispersoid  structure  of  either  the 
matrix  or  the  particle.  Consequently,  the  interface  is  weaker  than  the  par¬ 
ticle  or  the  matrix.  This  is  confirmed  by  the  fact  that  the  crack  grows 
through  the  interface  region  when  possible.  Thus,  the  existence  of  the 
"Zone  A"  particles  is  detrimental  to  fatigue  crack  advance  in  this  material. 
Essentially,  the  same  sequence  of  events  shown  in  Figure  5  was  observed  at 
both  ambient  and  315°C  (600°F). 

In  addition  to  the  still  photographs  of  Figure  5,  a  video¬ 
tape  was  made  showing  a  similar  sequence  of  events,  and  the  alloy  developers 
at  Lockheed  California  Company  and  Alcoa  were  shown  the  tape  and  otherwise 
apprised  of  the  detrimental  characteristics  of  "Zone  A"  particles. 

Limited  examination  of  this  alloy  by  transmission  electron 
microscopy  has  indicated  that  the  average  dispersoid  volume  fraction  and 
size  are  not  largely  different  from  those  found  for  7075  and  7091.  The  vol¬ 
ume  fraction  of  dispersoid  shown  in  Table  II  (0.05)  is  less  than  actually 
measured  (0.16)  because  many  of  the  dispersoids  appear  to  be  clumped  to¬ 
gether  in  masses,  which,  although  they  increase  the  volume  fraction,  do  not 
actually  increase  the  slip-limiting  capability  of  the  material.  The  volume 
fraction  of  0.16  compares  favorably  with  0.22  derived  from  work  of  Fine  and 
Weertman  [7],  who  used  different  methods  of  measurement.  The  slip  line  dis¬ 
tance  shown  in  Table  II  is  a  reasonable  estimate,  but  it  is  based  on  limited 
data  and  could  be  in  error  by  a  factor  of  at  least  3.  The  value  of  1-2  pm 
given  in  Table  II  is  probably  on  the  high  end  of  the  actual  average  mean 
free  path. 

Grain  size  for  HTAL  is  similar  to  that  for  7091,  although 
there  may  be  different  texture  effects  between  the  two  which  lead  to  differ¬ 
ences  in  misorientation  between  adjacent  grains.  Etching  characteristics 
and  TEM  diffraction  results  lead  to  this  conclusion.  The  main  similarity 
between  HTAL,  7091  and  7075  is  the  mean  free  path  length  and  dispersoid 
spacing. 

As  a  consequence  of  the  modeling  results  and  the  micro- 
structural  similarity  between  these  aluminum  alloys,  taken  together  with 
actual  observations  that  the  sequence  of  events  attending  fatigue  crack 
growth  is  similar  in  7075,  7091  and  HTAL  matrix  (excluding  interaction  with 
"Zone  A"  particles),  the  general  crack  growth  rates  of  these  alloys  should 
be  similar,  which  they  are,  in  fact,  found  to  be.  Figure  6  shows  a  com¬ 
parison  between  7091  and  limited  data  on  HTAL  at  both  ambient  and  315°C. 


-■  s  /  .*  , 
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0  cycles 


Crack  growth  sequence  at  AK  «  4.7  MN/m^/Z  jn 
Al-8.8Fe-3.8Ce  at  ambient  temperature  in  vacuum. 

This  sequence  of  scanning  electron  micrographs  shows 
the  interaction  of  the  crack  with  a  "Zone  A"  parti¬ 
cle.  The  drawing  accompanying  each  photograph 
schematically  indicates  slip  lines  aw  other  dis¬ 
placements.  as  determined  by  stereoimaging  photo¬ 
graphs  made  at  minimum  and  maximum  loads.  At  the 
beginning  of  the  sequence,  the  crack  is  tightly 
closed  (a),  and  2  strong  slip  lines  extend  from  the 
crack  tip  (b),  one  of  which  impinges  on  the  "Zone  A“ 
particle.  Two  cycles  later,  the  crack  has  grown 
along  the  right-hand  slip  line  (c).  Two  cycles 
later  (d),  the  crack  has  not  lengthened,  but  another 
slip  line  has  formed,  and  the  left-hand  slip  line 
has  also  changed.  With  further  cycling  (e-j),  the 
right-hand  slip  line  follows  along  the  interface  be¬ 
tween  matrix  and  “Zone  A",  and  the  crack  continues 
to  lenghten  along  this  dominant  slip  line.  Note 
tnat  concentrated  slip  does  not  occur  in  the  “Zone 
A“  particle;  it  deforms  homogeneously.  The  crack 
is  evidently  attracted  by  the  “Zone  A"  particle  as 
evidenced  by  the  interaction  shown,  and  the  route 
of  the  crack  in  the  upper  portion  of  (b)  where  it 
again  has  grown  in  the  interface  with  a  “Zone  A“ 
particle.  The  interface  thus  appears  to  be  weaker 
than  the  matrix  or  the  particles.  If  the  “Zone  A“ 
particle  lies  outside  the  extent  of  the  intense 
slip  lines,  no  interaction  occurs.  Two  such  “Zone 
A"  particles  are  shown  in  (b).  In  (k),  a  trans¬ 
mission  electron  micrograph  shows  the  interfacial 
region  between  a  “Zone  A“  particle  (A)  and  the 
matrix  (M) .  The  interface  appears  to  be  dispersoid- 
free,  which  might  account  for  its  apparent  weakness. 


10  cycles 


Al-8.8Fe-3.8Ce 
AK  *  4.7  HN/m^/2 
2Z°C  Vacuum 
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Figure  5.  Fatigue  Crack  -  "Zone  A"  -  Interaction. 
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Figure  6,  Measured  fatigue  crack  growth  rate  of  the  high  temperature 
aluminum  alloy  Al-8.8Fe-3.8Ce  at  room  and  315°C  as  compared 
to  7091. 
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B.  Task  2.  Fracture  Mechanisms  in  Single  Crystal  Nickel-Base 

Superalloys 

1.  Scope 

Single  crystal  nickel-base  supera’loys  are  increasingly  uti¬ 
lized  in  advanced  gas  turbine  engine  applications  because  of  superior 
creep-rupture  properties.  In  contrast  to  conventionally  cast  alloys,  the 
mechanical  properties  of  this  class  of  alloys  are  highly  anisotropic. 

Very  little,  if  any,  information  is  available  on  :ne  influence  of  aniso¬ 
tropy  on  the  mechanisms  of  crack  growth.  The  current  program  is  aimed  at 
identifying  and  modeling  the  key  factors  controlling  subcritical  crack 
growth  and  unstable  fracture  in  single  crystal  nickel-base  superalloys. 
Using  single  crystal  Mar-M200  as  a  model  material,  the  efforts  so  far  have 
been  focused  on  two  areas:  (1)  the  influence  of  crystallographic  orienta¬ 
tion  on  subcritical  crack  growth  and  unstable  fracture,  and  (2)  the  rela¬ 
tive  importance  of  shear  and  normal  stresses  on  slip  band  cracking. 

2.  Current  Status 


Fatigue  crack  growth  tests  have  been  performed  for  both  unidi¬ 
rectional  and  multiaxial  cyclic  loading,  using  compact-tension  and  tubular 
specimens,  respectively.  Crack  growth  rates  have  been  determined  at 
ambient  temperature  as  functions  of  stress  intensity  range,  the  normal 
stress  to  shear  stress  ratio,  and  crystallographic  orientation.  The  re¬ 
sults  indicate  that  in  most  cases,  subcritical  crack  growth  occurs  by  a 
coplanar  slip  mechanism  either  along  a  single  {111}  slip  plane  or  on 
ridges  formed  with  two  {111}  slip  planes.  Crack  extension  by  an  alternat¬ 
ing  slip  process  has  also  been  observed,  however.  The  effects  of  crystal¬ 
lographic  orientation,  stress  state,  and  crack  closure  on  the  mode  of 
cracking  and  the  resulting  crack  growth  behavior  will  be  discussed  as  fol¬ 
lows:  (a)  multiaxial  fatigue  crack  growth  and  {b)  fatigue  crack  growth 
and  closure  in  unidirectionally-loaded  Mar-M200  single  crystals. 

a.  Multiaxial  Fatigue  Crack  Growth 
(1)  Experimental  Procedures 

Mar-M200  single  crystal  tubular  specimens  were  fa¬ 
tigued  at  room  temperature  in  a  multiaxial  testing  machine  by  applying 
combined  cyclic  axial  loads  and  torques.  The  specimen  geometry,  test 
procedure,  and  the  microstructure  of  the  material  have  been  reported 
earlier  (1]  and  will  not  be  repeated  here.  A  summary  of  the  loading  con¬ 
ditions,  tube  axis,  and  the  notch  orientation  for  individual  specimens  is 
shown  in  Table  I.  Figures  1(a)  and  (b),  show,  respectively,  the  orienta¬ 
tions  of  the  tube  axis  and  the  notch  (slot)  in  the  cubic  stereographic 
triangles. 
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(2)  Crack  Geometries,  Fracture  Paths  and  Fractographic 

Observations 

The  macroscopic  fatigue  crack  geometries  observed  in 
modified  Mar-M200  single  crystals  are  summarized  in  Figure  2  together  with 
the  orientations  of  the  tube  axis  and  the  notch  (slot).  Figure  2  indi¬ 
cates  that  the  fatigue  cracks  may  lie  normal,  inclined,  or  parallel  to  the 
tube  axis,  depending  on  the  axis  and  notch  orientations.  In  Figures  2(a) 
and  (e),  the  cracks  are  also  inclined  through  the  thickness  of  the  speci¬ 
mens.  Since  both  tensile  and  torsional  loads  are  applied,  the  cracking 
modes  are  Mode  I  and  II  for  the  through-thickness  cracks  [Figures  2(b), 
(c),  and  (d)]  but  are  Mode  I,  II  and  III  for  cracks  which  are  inclined 
through  the  thickness  [Figures  2(a)  and  (e)].  The  procedures  for  com¬ 
puting  the  stress  intensity  factor  for  these  complex  crack  geometries  are 
described  in  Reference  2.  It  should  be  noted  that  the  effective  stress 
intensity  ranges  were  computed  on  the  basis  of  anisotropic  fracture  mech¬ 
anics  using  the  idealized  crack  geometries  show.)  in  Figure  2.  The  criti¬ 
cal  stress  intensity  factors  at  which  overload  fracture  occurred  were  also 
computed  and  summarized  in  Table  I. 

The  crystallographic  planes  on  which  the  dominant 
cracks  propagate  belong  to  {111}.  As  summarized  in  Table  I,  the  fatigue 
crack  propagation  occurred  on  either  a  single  {111}  plane  or  on  two 
equally-stressed  {111}  planes.  In  most  cases,  the  crack  was  seen  to  fol¬ 
low  the  slip  band  ahead  of  the  crack  tip  [Figure  3(a)).  However,  non- 
crystallographic  crack  propagation  by  a  process  which  appears  to  involve 
alternating  slip  on  two  slip  systems  was  also  observed  [Figure  3(b)).  The 
characteristics  of  the  fracture  surface  of  Mar-M200  single  crystals  are: 

(1)  a  cleavage-like  fracture  appearance  is  observed  in  all  specimens,  and 

(2)  fracture  surface  ridges  in  specimens  failed  on  two  equally-stressed 
{111}  planes.  The  cleavage-like  fracture  surface  appears  to  be  the  conse¬ 
quence  of  cracking  along  a  single  coplanar  slip  plane  [3,4),  while  the 
ridges  are  formed  as  the  result  of  simultaneous  slip  and  cracking  on  two 
equally-stressed  cross-slip  planes  which  are  both  coplanar  with  the  crack. 
Both  these  mechanisms  are  dictated  by  the  crack-tip  stress  field,  and  are 
directly  related  to  the  slip  process  occurring  at  the  crack  tip. 

(3)  Stress  State  Effects  on  Crack  Propagation  Rate 

Crack  growth  in  Mar-M200  single  crystals  with  the 
(010)  axis  and  [101]  slot  orientation  occurred  on  fracture  planes  which 
were  macroscopically  coplanar  with  the  notch  (slot)  and  normal  to  the 
[010]  axis  [see  Figure  2(b)).  The  mode  of  cracking  was  typically  mixed 
Mode  I  and  II,  and  it  remained  unaltered  when  the  At/ao  ratio  was  in¬ 
creased  from  .5  to  2.  The  crack  growth  rates  are  plotted  as  a  function  of 
the  applied  aKj,  aKjj,  and  AKfiff  in  Figures  4(a),  (b),  and  (c),  re¬ 
spectively.  From  Figures  4a  and  b,  it  is  clear  that  the  crack  growth  rate 
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Figure  2.  A  summary  of  the  crack  geometries  observed  in  Mar-M200  single 
crystals  and  their  idealizations  used  in  computing  the  stress 
intensity  factors. 


*vy 


•  ;  A 

y.:,l 


200um 


4  '  U-  '  -  \^V^> 


'  />• 

y 


.-\ 


-  ' \  ^  /  \\ 

v  '  /  20'< 


Crack-tip  slip  morphology  in  Mar-M200  single  crystals 

(a)  coplanar  slip  is  observed  in  all  specimens,  and 

(b)  45°  slip  bands  are  observed  in  the  [010]  axis/ 
[101]  notch  and  the  [311]  axis/[T22]  notch  specimens 
at  high  AKeff  and  at  one  of  the  two  crack  tips  only. 


K 


Modified  Mar-M200  Single  Crystals 


da ,  mm/ cycle 


Modified  Mar-M200  Single  Crystals 

[010]  Axis 
[101]  Slot 

Macroscopic  Crack  Plane 
Normal  to  [010]  Axis 
R  =  .1 


AKn,  MPavf 
4(b) 
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function  of:  (a)  x;he  Mode  I  stress  intensity  range,  (b)  the 
Mode  II  stress  intensity  range,  and  (c)  the  effective  stress 
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Figure  4.  The  crack  growth  rates  of  the  [010]  axi s/[l 01 ]  slot  specimens 
fatigued  at  At/Ac  ratios  of  .5,  1 ,  and  2  are  plotted  as  a 
function  of:  (a)  the  Mode  I  stress  intensity  range,  (b)  the 
Mode  II  stress  intensity  range,  and  (c)  the  effective  stress 
intensity  range. 
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data  for  the  various  At/Ac  ratios  cannot  be  correlated  with  either 
aKj  and  aKjj  alone.  On  the  other  hand,  the  same  set  of  data  forms  one 
small  scatter  band  when  plotted  as  a  function  of  aK  in  Figure  4(c). 

The  potential  ramification  of  this  result  is  that  aK  might  be  the 
driving  force  for  multiaxial  fatigue  crack  growth  and  the  crack  growth 
rate,  uniquely  defined  by  the  aK  parameter,  would  then  be  independent 
of  the  applied  At/ao  ratio. 

A  unique  relationship  between  the  crack  growth  rate 
and  AKeff»  however,  is  not  observed  in  Mar-M200  single  crystals  with  the 
[010]  axis/[001]  slot  orientation.  Fatigue  crack  advance  in  these  speci¬ 
mens  was  mixed  Mode  I,  II,  and  III  with  the  left  and  right  cracks  propaga¬ 
ting  on  two  different  {111}  planes  [  (111)  and  (III)  ]  which  were  inclined 
through  the  thickness  of  the  specimens.  Plotted  as  a  function  of  Al<e^  in 
Figure  5a,  the  crack  growth  rates  showed  a  strong  dependence  on  the  ap¬ 
plied  stress  state  (the  at/ao  ratio).  In  particular,  the  crack  growth 
rate  at  a  given  aK  increased  as  the  At/Ao  ratio  decreased,  indicating 
that  crack  propagation  was  more  rapid  under  tensile  stresses  than  under 
shear  stresses.  The  stress  state  effect  appears  to  be  the  manifestation 
of  crack  closure  in  which  the  fracture  surfaces  make  contact  prior  to  the 
attainment  of  the  minimum  loads  or  torques.  Analyses  indicate  that  the 
normal  stress  acting  on  the  crack  plane  is  compressive  during  part  of  the 
loading  cycle.  The  presence  of  such  a  compressive  stress  would  cause 
crack  closure  and  reduce  the  At  range  at  which  the  crack  remains  open, 
thereby  reducing  the  driving  force  for  crack  growth  and  the  crack  propaga¬ 
tion  rate  [5].  The  normal  stress  range  (ao  )  and  the  shear  stress  range 
(at  )  at  which  the  crack  remains  open  haveoeen  calculated  to  be  .8,  .7, 
and  .62  for  the  At/ao  values  of  .5,  1,  and  2,  respectively.  Using  these 
stress  values  for  recomputing  the  effective  stress  intensity  range,  the 
dependence  of  the  crack  growth  rate  on  the  At/Ao  ratio  is  reduced,  though 
not  completely  eliminated,  as  shown  in  Figure  5(b). 

(4)  Effects  of  Crystallographic  Orientation 

Once  the  effects  of  stress  state  and  crack  closure 
have  been  established,  the  influence  of  crystallographic  orientation  on 
multiaxial  fatigue  crack  growth  in  Mar-M200  single  crystals  can  be  ex¬ 
amined.  Figure  6  compares  the  crack  growth  data  for  the  single  crystal 
specimens  of  various  axis/notch  orientations  tested  at  At/Ao  .  As  indi¬ 
cated  earlier,  the  [010]  ax i s/ [ 001 ]  notch  specimens  are  affected  by  crack 
closure;  the  effective  aK  for  these  specimens  are  therefore  based  on  Ac 
and  At  .  A  significant  observation  of  Figure  6  is  that  the  fatigue  craEk 
growth  rate  is  at  most  mildly  dependent  on  the  influence  of  crystallo¬ 
graphic  orientation.  Considering  the  vastly  different  fractographic  fea¬ 
tures  exhibited  in  these  specimens,  the  orientation-insensitive  crack 
growth  behavior  is  surprising.  However,  it  can  be  rationalized  on  the 
basis  of  similitude  as  most,  if  not  all,  of  the  fatigue  crack  growth  in 
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Figure  5.  The  crack  growth  rates  of  the  [010]  axi s/ [001 3  slot  specimens 
fatigued  at  At/Ao  ratios  of  .5,  1,  and  2:  (a)  plotted  as  a 

function  of  the  effective  stress  intensity  range,  AKeff,  and 
(b)  plotted  as  a  function  of  the  effective  stress  intensity 
range,  AKeff,  which  is  based  on  the  Ao  and  At  at  which  the 
crack  is  not  closed. 
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the  Mar-M200  single  crystals  occur  along  coplanar  slip  bands  on  either  a 
single  {111}  plane  or  simultaneously  on  two  cross-slip  {111}  planes.  It 
is  thus  logical  that  they  show  comparable  crack  growth  behavior. 

(5)  Discussion 

One  of  the  significant  findings  of  the  present  study 
is  that  for  a  given  axis/notch  orientation,  the  fracture  planes  in  ex¬ 
tended  Stage  I  crack  growth  were  not  altered  by  increasing  the  ratio  of 
normal  stress  to  the  shear  stress.  Specifically,  the  [010]  axi s/ { 001 ] 
notch  specimens  all  failed  on  the  same  two  {111}  planes  (with  the  left  and 
the  right  cracks  propagating  on  a  single  but  different  {111}  plane)  as 
the  At/Ao  ratio  was  increased  from  0.5  to  2  (Table  I)  and  no  transition 
from  Stage  I  to  Stage  II  occurred.  This  suggests  that  the  classical 
notion  of  the  transition  of  Stage  I  to  Stage  II  crack  growth  as  the  normal 
stress  becomes  dominant  is  not  applicable  for  this  type  of  single  crystal 
material . 


Efforts  for  modeling  the  crystallographic  crack 
growth  process  using  anisotropic  fracture  mechanics  have  been  initiated. 

By  approximating  the  EDM  notch  as  a  crack  and  resolving  the  crack-tip 
stress  field  on  all  twelve  {111}  slip  systems,  the  analysis  reveals  that, 
except  in  the  cases  involving  cracking  with  fracture  surface  ridge  forma¬ 
tion,  the  fatigue  cracks  initiated  on  the  planes  of  maximum  shear  stress. 
For  the  specimen  orientations  and  loading  investigated,  the  predicted 
crack  planes  do  not  vary  with  the  applied  Ax/Ao  ratio,  as  observed  experi¬ 
mentally. 


The  finding  that  the  fatigue  cracks  tend  to  propa¬ 
gate  along  the  {111}  slip  plane  can  be  understood  on  the  basis  of  the 
analysis  of  Koss  and  Chan  [3,4]  which  examines  the  crack-tip  stress  state 
associated  with  crack  propagation  along  coplanar  slip  bands.  One  of  the 
key  results  of  the  analysis  is  the  recognition  that  coplanar  slip  relaxes 
the  shear  stress  components  of  the  crack-tip  field  but  has  no  effect  on 
the  normal  stress  components  because  neither  the  coplanar  slip  nor  the  re¬ 
laxation  of  the  crack-tip  shear  stresses  produce  displacements  which  are 
normal  to  the  crack  plane,  a  necessary  condition  for  relaxing  stresses 
which  act  normal  to  the  crack  plane.  Dictated  by  the  crack-tip  elastic 
singularity,  the  normal  stress  components  continue  to  increase  up  to  very 
close  to  the  crack  tip  and  can  be  relaxed  by  non-coplanar  slip  only.  Ex¬ 
tending  the  Koss  and  Chan  analysis,  the  current  modeling  efforts  reveal 
that  the  coplanar  slip  band  is  generally  also  the  plane  of  maximum  shear 
stress.  The  presence  of  these  large  normal  and  shear  stresses  on  the  slip 
bands  would  explain  these  two  observations:  (1)  the  tendency  of  the  fa¬ 
tigue  crack  to  continue  propagating  along  the  {111}  plane,  and  (2)  the 
cleavage-like  fracture  appearance  associated  with  coplanar  slip  band 
cracking. 
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The  formation  of  fracture  surface  ridges  can  be 
understood  in  terms  of  simultaneous  slip  and  cracking  on  two  equally- 
stressed  cross-slip  planes.  Figure  7  schematically  demonstrates  that  in 
the  [010]  axi s/[ 101 ]  notch  specimens,  ridge  formation  can  occur  by  simul¬ 
taneous  slip  and  cracking  on  the  (111)  and  (111)  planes  in  the  [101]  di-. 
rection.  In  a  similar  manner,  ridges  can  be  formed  in  the  [Oil]  axis/ 
[Oil]  notch  specimen  by  simultaneous  slip  and  cracking  on  the  (Ill)  and 
(111)  planes  in  the  [Oil]  direction.  In  both  cases,  the  crack  growth  di¬ 
rections  coincide  with  the  slip  directions.  By  restricting  crack  growth 
to  the  slip  direction,  the  extension  of  the  Koss  and  Chan  analysis  indi¬ 
cates  that  large  buildup  of  normal  stress  can  exist  ahead  of  a  fatigue 
crack  propagating  by  simultaneous  slip  and  cracking  on  two  equally- 
stressed  cross-slip  planes  which  are  both  coplanar  with  the  crack;  the  re 
suiting  elastic-plastic  crack-tip  stress  field  is  similar  to  that  asso¬ 
ciated  with  fracture  along  a  single  coplanar  slip  band.  The  similitude  i 
the  crack-tip  stress  field  suggests  that  there  might  be  no  significant 
difference  between  fatigue  cracking  along  a  single  slip  plane  or  on  two 
cross-slip  planes  as  long  as  they  are  coplanar  with  the  crack. 


b.  Subcritical  Crack  Growth  and  Closure  in  Unidirectionally- 
loaded  Mar-M200  Single  Crystals 


Fatigue  crack  growth  in  unidirectional ly-loaded  Mar-M200 
single  crystals  were  studied  by  testing  compact-tension  specimens  at  ambi¬ 
ent  temperature  at  a  R  ratio  of  0.1.  The  specimen  geometry  and  experimen¬ 
tal  procedures  have  been  reported  earlier  [1].  The  orientations  of  the 
loading  axis  for  individual  specimens  are  summarized  in  Figure  8,  as  well 
as  in  Table  II.  The  crack  propagation  mechanism  In  the  unidirectional ly- 
loaded  specimens  is  similar  to  that  observed  under  multiaxial  cyclic 
loads.  As  summarized  in  Table  II,  crack  growth  occurred  on  either  a 
single  [111]  plane  or  on  two  equally-stressed  (111)  planes  which  result  in 
fracture  surface  ridges. 

Figure  9(a)  shows  a  typical  compact-tension  specimen 
failed  by  extended  crystallographic  cracking  along  a  {111}  plane.  It 
should  be  noted  that  the  crystallographic  cracks  are  usually  mixed-mode 
with  Mode  I,  II,  and  III  components  as  the  cracks  are  inclined  to  loading 
axis  and  through  the  specimen  thickness.  Since  there  are  no  published 
results,  efforts  have  been  made  to  calculate  the  stress  intensity  factors 
for  these  complex  crack  geometries.  This  has  been  accomplished  by  using  a 
computer  program,  dubbed  BIE/CRX  (6),  which  performs  stress  intensity 
calculations  based  on  the  boundary  integral  technique.  These  stress 
intensity  calculations  [7]  were  used  for  analyzing  both  the  crack  growth 
data  and  the  critical  stress  intensities  at  which  unstable  fracture 
occurred  (Table  II). 
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Figure  9.  Mar-M200  single  crystals  typically  failed  by 
extended  crystallographic  cracking  along  a 
{111}  plane:  (a)  failed  specimen,  and  (b) 
black  debris  which  is  believed  to  be  oxides 
resulting  from  fretting  of  the  fracture 
surface. 
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Figures  10  compares  the  crack  growth  rate  as  a  function 
of  aK  for  specimens  loaded  in  the  [010],  [110],  and  [111]  directions, 
respectively.  The  preliminary  results  indicate  that  the  [010]  and  [110] 
specimens  show  comparable  crack  growth  behavior  while  the  [111]  specimen 
manifests  slightly  slower  crack  rate.  However,  it  should  also  be  pointed 
out  that  fretting-induced  crack  closure  is  a  factor  in  these  specimens. 
This  is  evidenced  in  Figure  9(b)  which  shows  the  presence  of  black  debris 
on  the  fracture  surface,  which  is  believed  to  be  oxides  resulting  from 
fretting.  The  presence  of  fretting-induced  closure  can  reduce  the  stress 
intensity  range  at  which  the  crack  remains  open,  thereby  reducing  the 
driving  force  for  crack  growth  [8].  Efforts  are  currently  underway  to 
assess  and  model  the  amount  of  fretting-induced  crack  closure  in  these 
specimens. 
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